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Abstract. An elastic finite element analysis was conducted to evaluate the stress distribution in the initiation 
zone of the adhesive rupture during the 3-point bending test. This test is used to measure the adherence 
between a polyepoxy adhesive and aluminum alloy with different surface treatments. The purpose is to 
compare, in the high stress concentration areas, the stress fields calculated using finite element method with 
the experimental data obtained in different configurations. Focusing on the load level at crack initiation, on 
the localization and the size of adhesive failure initiation, a local criterion for adhesive fracture is proposed 
based on the value of the stress normal to the interface.  
Keywords: 3-point bending, Adhesive failure, Initiation test, FEM, Stress and strain distribution. 
1. Introduction 
The prediction of  the behavior of  bonded assemblies is an important stake in many industrial domains (automotive, 
aeronautics etc). Consequently, the numerical modeling of  the bonded structures makes it possible to better understand 
their behavior under stress. However, it is complex to characterize the adherence with the different existing adherence 
tests and in particular the adhesive failure. Each test has several objectives: to overcome the shortcomings of  others 
(parasite stress, edge effects), to introduce new load types (single mode or mixed modes), to test thin films or complete 
bonded structures, etc. [1].  
The modeling of  these adherence tests makes it possible to better understand their mechanics and thus to try to 
determine a criterion of  adherence independent of  the geometry of  the test specimen and the mode of  failure. Although, 
in recent years, many finite element (FE) models for modeling bonded assemblies have been developed, none of  them 
can simulate totally the complex behavior of  bonded joints [2]. The finite element models used are very varied and range 
from the linear behavior of  the materials with a simple mesh to the nonlinear material model with cohesive zones [3-8]. 
The use of  the cohesive zone model (CZM) for the bonded joint improve the models for the study of  the failure [9-16].  
The adhesive failure is difficult to get systematically during a test. However the 3-point bending test with epoxy 
adhesives makes it possible to obtain it. In addition, the initiation of  adhesive failure can be located on the surface of  the 
substrate [17, 18]. The objective of  the paper is to study the 3-point bending test in this configuration with the finite 
element modeling. The purpose is to study the stress field in the area where adhesive failure initiates, then to link this 
failure with values taken from these mechanical fields. The modeling of  the 3-bending test is poorly developed [19, 20]. 
The results presented here come from a study described in a previous article [21]. The initiation of  the failure has been 
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studied at the surface of  the substrate. It has been shown that the initiation of  the failure is adhesive. This study has been 
carried out with a substrate made of  aluminum alloy 2024 and polyepoxy composed of  a mixture of  DGEBA 
prepolymer and a DETA amine. This aluminum alloy 2024 is widely used in aircraft structures requiring high strength to 
weight ratio, as well as good fatigue resistance. It is a heat-treatable aluminum alloy with copper as the primary alloying 
element. It is used in many applications. During bonding, the DETA amine reacts with aluminum to form an 
organometallic reproducible interphase [22, 23]. The results of  the 3-point bending test depends, on the one hand, on the 
characteristics of  the materials (characteristics of  the substrate surface, chemical composition, tempering, adhesive 
chemical and physical properties) and, on the other hand, on dimensions of  the specimen. However, an analytical 
modeling based on energy partitioning leads to the evaluation of  each contribution. Then a value of  energy for the 
adhesive failure initiation can be obtained for a given couple of  material and surface preparation [21]. In this paper, the 
purpose is not to focus on an approach made at a macroscopic level giving for example a value of  force or energy at the 
time of  crack initiation but to focus on the local stress field in the vicinity of  crack initiation area. The failure initiation 
was observed as a penny shape area well defined in the area where crack initiate. The size and the localization of  this 
zone are quite reproducible [21]. The purpose of  the FEM was to make the link, in different configuration (different 
substrate thicknesses) with the profiles of  the different components of  the stress tensor, for a load level corresponding to 
crack initiation. Focusing on the load level at crack initiation, on the localization and the size of  adhesive failure 
initiation, the objective is to study the different components of  the stress tensor (normal stress etc.), but also the von 
Mises stress and the maximum principal stress in order to compare the localization of  their concentration. The purpose 
is to determine if, for one of  them, an iso-stress line corresponds to the area identified as crack initiation zone.  
2. Materials and Methods 
2.1 Materials  
The metallic substrate used is laminated aluminum 2024 T3 (bulk composition: Al: 93.5 wt.% Cu: 4.55 wt.% Mg: 
1.55 wt.% Mn: 0.5 wt.%), 1.6 mm thick, supplied by GOODFELLOW, and 1 mm thick, supplied by KAISER Aluminum.  
The polyepoxide adhesive used in the study is a bisphenol diglycidyether pre-polymer (DGEBA) referred to as DER332, 
supplied by DOW chemical, used with diethylenetriamine (DETA) as a hardener, supplied by SIGMA-ALDRICH. The 
mix of  epoxy monomer and amine is made in stoichiometric proportions, calculated from the functionalities of  DETA 
amine (f=5) and DGEBA epoxy (f=2). The surface treatment used was the 3-aminopropyltriethoxysilane (> 99 % pure), 
supplied by SIGMA-ALDRICH.  
2.2 Samples preparation and 3-point bending tests  
The samples used are dimensioned and manufactured in accordance with ISO 14 679- 1997 [24]. They consist of  an 
aluminum plate, with a block of  adhesive glued on it. Aluminum plates are cut using a punch, ensuring that the 
produced cuttings are of  equal dimensions, 50 × 10 mm2 ± 0.10 mm, as mentioned in the standard (see figure 1).  
 
Fig. 1. Dimensions of  the sample, in accordance with ISO Standard 14679 (left part) and characteristic curve of  the test (right part). 
Application of  the DGEBA-DETA was previously described [21], forming epoxy blocks of  equal dimensions, 
25 × 5 x 4 mm3, as mentioned in the standard. The formed thermosets have onset glass transition temperature of  136 °C.  
Series of  12 samples were realized for each. Let us note that a fillet radius of  the adhesive block on the substrate takes 
place on each sample and modify the “perfect expected geometry”, as seen on the Figure 2. 
Mechanical testing was conducted using an INSTRON tensile machine (model 3367, INSTRON SA, Buc, France) 
equipped with a 3-point bending system and a 500 N load sensor, with an error margin of  ± 0.1 N. The distance between 
supporting pins is 35 mm and the speed of  test is 0.5 mm/min. The actual displacement was measured using an optical 
monitoring system previously described [21]. The error margin for displacement measurement using the optical system 
was estimated to be ± 3 μm. Let us note that all the failures were brittle, as seen on the characteristic curve of  the 
test (Figure 1).   
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Fig. 2. Presence of  fillet radius. 
  
Fig. 3. Modeling of a quarter of the specimen. 
The adhesive is bounded on the top of the 2024 
plate. 
Fig. 4. 3D mesh of  the quarter of  a specimen, with a zoom on the fillet radius. 
The substrate is meshed in blue (lower part) and the adhesive in red (upper part). 
2.3 Finite element analysis  
Finite element calculations were performed with Cast3m finite element code [25]. Because of  the geometry with two 
planes of  symmetry, the simulation was carried out only on a quarter of  the sample meshed with 8 node cubic 
isoparametric elements (Figures 3 and 4). 
Both materials were described by an isotropic elastic mechanical behavior with the following data for aluminum 
substrate: Young's modulus 68 GPa, Poisson's ratio 0.33; for DGEBA/DETA: Young's modulus 3 GPa, Poisson's ratio 
0.35. Both materials were tested in order to verify that they had an elastic mechanical behavior in the presented 
deformation domain.  
Since the Euler–Bernoulli beam theory has been developed only for homogeneous beam, and since we used it in the 
proposed analytical energy approach for heterogeneous beams, we depart from its classical use. So, we have compared 
the values obtained, i.e. the elastic energy values stored in each beam (aluminum and adhesive) with the values 
calculated using FEM (see Table 1). This comparison is achieved for a load corresponding to the average failure load of  
a given system. The purpose of  the finite element calculations is to understand and quantify the effects of  the fillet 
geometry of  the adhesive block on the substrate on the mechanical fields, to study the stresses at the interface: the 
principal stress, the normal stress and the shear stress.  
Table 1. Elastic energy stored in the components. Comparison for the two configurations, at the loading corresponding to crack 
initiation. Adherence energy and load failure for various thicknesses. 
 Substrate thickness 1.6 mm, F = 123 N Substrate thickness 1 mm, F = 70 N 
Elastic deformation energy stored (mJ) Analytical approach [21] FEM  (Present study) Analytical approach [21] 
FEM  
(Present study) 
In the aluminum substrate 8.8 9.2 ١٫٦ ١٫٨ 
In the adhesive block 3.2 3.7 ٢٫٢ ٢٫٦ 
However, the first analysis was macroscopic to study, on the one hand, the curve force versus displacement and, on the 
other hand, the different energy contributions. We wanted to compare the analytical results with those from the FEM 
calculations for the elastic energy stored in the bended substrate and that stored in the bended adhesive block. 3D and 
2D calculations were carried out and their results compared. The 2D modeling allows a more refined mesh and allows 
parametric studies, but it does not allow access to the quantitative quantities given the underlying approximations. We 
used the ENER operator of  the FE Code that calculates the tensorial product of  a stress field and a strain field. The 
result is a scalar field standing for energy density. Then, using the operator INTG, we performed the integration of  this 
energy density in the aluminum substrate and in the adhesive block. Different 3D calculations have been performed. The 
first parameter of  the study is the thickness of  the substrate and two values were modeled: 1 and 1.6 mm. In both cases, 
the connection between the block of  adhesive and the aluminum plate is made with a fillet radius of  150 μm which 
corresponds to the mean experimental value. The mesh is finer in the critical zone in which the rupture of  the specimen 
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is initiated as illustrated in Figure 4. It has 30034 nodes for the 1.6 mm thick substrate. A preliminary study has been 
carried out in the most severe configuration (with the smallest fillet radius) to determine the mesh size 5 leading to 
stabilized stress values at 50 μm of  the singularity. This mesh size has been used for all the calculations. In the vicinity of  
the fillet radius, the mesh size is about 20 μm.  
The displacements perpendicular to each of  the planes of  symmetry are imposed null, i.e., as indicated in Figure 5,   
Ux = 0 in the plane yz located at x = 0 and Uz = 0 in the xy plane located at z = 0. The interface is perfect, i.e. 
continuity of  the displacement and the traction vectors across it are assumed.  
The test piece is in simple support, which corresponds to a blocking of  the vertical displacement Uy = 0 on the 
supporting line. The force in the y-direction is imposed on the center line. The displacement of  this line allows us to 
compare the computation to the load versus deflection experimental data. The mechanical fields are first studied at the 
interface, on the center line, drawn in green in Figure 5. Let us remind that previous work show that the failure initiation 
always takes place at one end of  the block of  adhesive, as shown in Figure 1.  
In parallel with the 3D FEM calculations, a 2D modeling is also performed. Figures 6 and 7 illustrate the corresponding 
mesh which can be more refined than the 3D mesh, both at the interface and at the fillet. The calculations are carried out 
using the plane strain option to take into account the width of  the sample and the fact that we study the stresses on the 
median axis. However, since the adhesive block does not have the width of  the substrate, this modeling induces an over-
rigidity. However, this 2D analysis makes it possible, with these limitations, to study the effect of  the radius of  the fillet 
but also the effect of  a non-symmetrical positioning of  the bending specimen. 
 
Fig. 5. 3D Mesh with the axes, the boundary conditions and the line where stresses are plotted. The median axis is the green line 
in the x direction (for interpretation of  the references to color in this figure legend, the reader is referred to the web version of  this 
article). 
 
Fig. 6. 2D Mesh with the axes, the boundary conditions and the line where stresses are plotted (in green - For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article). 
 
Fig. 7. 2 D Mesh with the axes and the modeling of  fillet radius, with zero position for the curves. 
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3. Results and Discussion  
3.1 Approach based on load failure, from experimental results  
The previous study [21] was analytical and based on bending beam equations to evaluate the deflection and the 
energy of  the system. At failure initiation, the energy of  the system is the sum of  three contributions: the elastic energy 
stored in the aluminum substrate due to bending, elastic energy stored in the adhesive block due to bending and the 
adhesion energy. This latter contribution is deduced by subtracting the first two contributions from the total system 
energy coming from the test (force and displacement are known). Samples with various thicknesses were chosen having 
nearly the same adherence energy (Table 2), i.e. 3.7 mJ and 2.3 mJ for 1 mm and 1.6 mm thick samples respectively.  
Calculations are then carried out with these representative values. The yield stress of  the aluminum substrate is not 
reached in the zone of  interest. This point legitimates the elastic modeling chosen. It can be reached, however, very 
locally (on an element) at the points of  support, which is without consequence of  the value of  the mechanical fields at 
the interface. A satisfactory agreement is obtained on the deflection versus load curves between the 3D modeling and the 
experimental data.  
Figure 8 illustrates the xx and yy stresses obtained for the 1.6 mm thick substrate submitted to a 125 N load at the end of  
the block: the stresses at the interface are maximum in the expected zone, i.e. at the end of  the block, in the vicinity of  
the fillet. This conclusion was verified too in the Figures 9 to 11. Moreover, for each component of  the tensor, its value is 
the greatest on the median plane (see the Figure 8). That is why we will study these values on the line indicated 
previously in Figure 5.  
 
Fig. 8. 3D modeling, comparison of  the stress profile, components σxx and σyy for a 1.6 mm substrate (125 N). Stress at 
substrate/adhesive interface, on the z-line of  the study. 
 
Fig. 9. 3D modeling, 1.6 mm substrate, load value is 125 N, mapping of  the stress component σxy. 
Table 2. Adherence energy and load failure for various thicknesses. 
Thickness (mm) 1 1.6 
Adherence energy (mJ) 3.7 2.3 
Load failure (F) 125 57 
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Fig. 10. 3D modeling, 1.6 mm substrate, load value is 125 N, mapping of  the stress component σxx. 
 
Fig. 11. 3D modeling, 1.6 mm substrate, load value is 125 N, mapping of  the stress component σyy. 
 
Fig. 12. 3D modeling, 1.6 mm substrate, load value is 125 N. Stress at substrate/adhesive interface. The 0 position corresponds to 
the end of  the fillet radius. The y direction is perpendicular to the interface. 
 
Fig. 13. 3D modeling, comparison of  the stress profile, component σxx for a 1.6 mm substrate (125 N) and a 1 mm substrate (57 
N). Stress at substrate/adhesive interface, on the central line of  the specimen. The 0 position corresponds to the end of  the fillet radius. 
The y direction is perpendicular to the interface. 
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Fig. 14. 3D modeling, comparison of  the stress profile, component σyy for a 1.6 mm substrate (125 N) and a 1 mm substrate 57 
N). Stress at substrate/adhesive interface, on the central line of  the specimen. The 0 position corresponds to the end of  the fillet radius. 
The y direction is perpendicular to the interface. 
Figure 12 illustrates the values obtained for the 1.6 mm thick substrate submitted to a 125 N load (coming from Figure 9 
to 11). All components of  the stress tensor have an extremum at the end of  the adhesive. Let us note that the presence of  
the fillet radius cut the top of  the stress curves at the zero position of  the curves, i.e. in the fillet radius zone.  
Figures 13 and 14 allow us to compare, for the two different substrate thicknesses, the localization of  this extremum for 
the component σxx and σyy respectively. For the value of  the force corresponding to the initiation of  the adhesive 
fracture, the profiles of  the 1 mm and the 1.6 mm thick samples are very close to the components σyy and much less for 
σxx [21]. Moreover, if  we zoom into this zone (Figure 14), it is important to note that the zone in which the normal 
stress is maximum has an extension comparable to that observed experimentally. Indeed, it was found that the initiation 
zone of  the adhesive rupture was located systematically rather in the central part of  the test piece and is a disc shape area 
with a diameter ranging from 0.55 to 1 mm (see Figure 15). If  we consider the components xx, yy and xy of  the stress 
tensor, using the numerical simulations, it appears that the component yy, smaller than the component xx, locates 
exactly in the crack initiation zone. 
 
Fig. 15. Correlation with the area of  the opening stress. 
 
      Fig. 16. Comparison between 3D and 2D models for the 125 N and 1.6 mm thickness simulations. 
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Fig. 17. 2D model for the 125 N / 1.6 mm thickness simulations. Stress component σxx. 
 
Fig. 18. 2D model for the 125 N / 1.6 mm thickness simulations. Stress component σyy. 
 
Fig. 19. Stresses at the interface, 2D modeling Wadh = 4 mJ (corresponding to 125 N for 1.6 thickness substrate), for 3 dimensions 
of  the fillet. 
A comparison was made, on the median line of  the interface, of  the 2D and 3D results. Stresses profiles are illustrated on 
the Figure 16. As in the 2D calculation everything happens as if  the block of  adhesive had the width of  the plate of  the 
substrate, the calculation underestimates the value of  the constraints with respect to the 3D simulation by overestimating 
the proportion of  adhesive material. However, the profiles obtained have the same quantitative evolution. Furthermore, 
the marked localization of  larger values of  σyy is evidenced. The evolution of  the σxx component is much smoother. 
The 2D results illustrated on the maps of  Figures 17 and 18 confirm this specificity of  the 3-point bending test. Von 
Mises stress is not much localized either. All these elements (stress profile at the interface, concentration zone and 
position of  the maxima compared to the initiation zone of  the adhesive rupture) tend to show that the stress σyy seems 
to be the one to be used to define a normal stress criterion for adhesive failure. As explained in the introduction, the main 
advantage of  this 3-point bending test is that it ensures initiation of  adhesive failure at the adhesive/substrate interface 
[21, 24]. However, the load at the initiation of  the adhesive failure is not only dependent on surface treatments, as 
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expected, but also on the geometry of  the test. The substrate must not be too thin in order to remain in the elastic 
domain (no remaining bending after the test) and not too thick. In that last case the elastic deformation energy stored in 
the aluminum substrate will be far over elastic deformation energy stored in the adhesive block due to bending and the 
initiation failure energy of  the interface. 
 
Fig. 20. Effect of  a non-symmetrical positioning of  the bending specimen. 2D modeling, stress profiles (component σyy) on the 
central line of  the specimen (green line on the Figure 6) for a 1.6 mm substrate (Fy = 125 N). The 0 position corresponds to the end of  
the fillet radius. The reference calculation is carried out with the load in the middle of  the sample (black curve) and compared with 
results when the load is applied 0.5 mm on the right or on the left. 
Knowing the load and the deflection, an estimation of  the elastic energy stored in each bended beam can be achieved 
using the Euler-Bernouilli beam theory. These values can be compared to the values obtained with the 3D FE 
simulations. For the different cases tested, the analytical approach underestimates by 10 to 20 % the elastic energy 
calculated for the load corresponding to adhesive failure. As the Euler-Bernouilli beam theory neglects shear stress and is 
valid only for the infinitesimal strains and small rotations, it was interesting to focus on these points. First of  all, even for 
the thinnest thickness (1 mm) and the best adherence (silane treatment), the deflection remains small, below 500 μm: the 
difference is due to shear stress (as illustrated in Figure 12). Due to rigidity gap between substrate and adhesive, shear 
stress level is not negligible at the interface and contributes to the elastic stored energy.  
Due to the operating conditions, the geometry of  the adhesive block is less controlled than the one of  the substrate, 
inducing some discrepancy. Calculations need to be carried out with the real height of  the adhesive block. Another point 
was the dimension of  the fillet, measured on the specimens. It varies around the mean value of  150 μm, but can range 
from 100 to 200 μm. 2D simulations were focused on the influence of  the fillet radius varying from the smallest to the 
largest value to determine the influence of  the normal stress level in the vicinity of  the crack initiation area (see 
Figure 19).  
The results show a variation of  10 %. A smaller radius (100 μm) induces a slightly more pronounced maximum for σyy 
(+ 10 %), but the effect is very limited both in magnitude and localization, and the stress profile is modified only very 
locally. Since this parameter is difficult to control experimentally, the FEM makes it possible to see that it is rather a 
second order parameter.  
There is a maximum clearance of  1 mm between the supports and the adhesive block of  the test piece, i.e. a maximum 
displacement of  0.5 mm from the central position. 2D simulations were used but this time on the whole specimen (and 
not on one half  of  the test piece) to check the influence of  the point of  application of  the force with respect to the points 
of  support (see Figure 20). Their results show that the impact of  the position of  the force (in the test range) is minimal 
on the various constraints at the interface and smaller than the effect of  the fillet radius, as illustrated by Figure 20. This 
result therefore makes it possible to assert that a positioning error of  0.5 mm with respect to the central position has little 
or no influence on both the profile of  the stresses and the calculated values. This also confirms the robustness of  this test 
on samples not perfectly sized or even slightly misaligned. 
Table 3. Adherence energy and load failure for various thicknesses (grey backdrop: results from the table 2 and white backdrop: 
load failure calculated with the same adherence energy -4mJ-). 
Thickness (mm) 1.6 1 
Adherence energy (mJ) 3.7 4 2.3 4 
Load failure (F) 125 123 57 70 
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3.2 Approach based on the models of analytical energy variation  
In this part, the adherence energy is considered as independent of  the thickness of  the substrates, since this energy 
should depend only on the quality of  the substrate-adhesive interface. Then, it is chosen as an average: here 4 mJ, 
whatever the thickness of  the samples is. The choice of  4 mJ is the round number of  the calculated initiation failure 
energy (from Table 2). At this value, a critical force (load failure) and displacement are calculated analytically for each 
substrate thickness, i.e. 70 N for 1 mm, 123 N for 1.6 mm (See Table 3).  
 
Fig. 21. Stress XX at the interface, 3D modeling Wadh = 4 mJ (corresponding to 123 N for 1.6 thickness substrate and 70 N for 1 
mm thickness substrate). 
 
Fig. 22. Stress YY at the interface, 3D modeling Wadh = 4 mJ (corresponding to 123 N for 1.6 thickness substrate and 70 N for 1 
mm thickness substrate). 
 
Fig. 23. Stress XY at the interface, 3D modeling Wadh = 4 mJ (corresponding to 123 N for 1.6 thickness substrate and 70 N for 1 
mm thickness substrate). 
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Table 4. Adherence energy and normal stress at crack initiation for various surface treatments. 
Thickness (mm) Acetone cleaning HCl chemical etching Silane treatment 
Adherence energy (mJ) 1.2 1.5 7.2 
Normal stress at crack initiation (MPa) 15 17 35 
For the two geometries studied (1 and 1.6 mm for the 2024 thickness), the stresses at the interface are studied in 3D and 
presented in Figures 21 to 23. These figures are very comparable with previous Figures 12 to 14. However, the imposed 
force no longer corresponds to the experimental average of  the forces at the initiation of  the rupture but to that for the 
same adherence energy.  
The results exposed here confirm the previous ones when analyzing the stress profiles at the interface. The stress 
concentration zone and position of  the maxima compared to the initiation zone of  the adhesive rupture tend to show 
that the normal stress σyy seems to be the one to be used to define a stress criterion for adhesive failure: this approach, 
using models of  analytical energy variation strengthens the FE results, coming directly from experimental load failure.  
It is now possible to propose a failure criterion, based on normal stress. More detailed simulations are then carried out 
for the load corresponding to different surface treatments and the different adherence energies. If  we take the 
experimental data obtained after three different treatment (Acetone cleaning, HCl chemical etching, silane treatment), a 
previous study has allowed us to obtain respectively 1.2, 1.5 and 7.2 mJ as adherence energies, whatever the thickness of  
the substrate is (1 or 1.6 mm). Each of  the configurations corresponds to a couple sample geometry / load for crack 
initiation at the interface. FEM is then used to determine the corresponding value for the normal stress and the results 
are presented in Table 4.  
These results are in good accordance with Bresson et al. [26] who found values with the same order of  magnitude for 
similar systems (Arcan adherence test, aluminum alloy 7075 as substrate, polyepoxy network 9 Hysol EA9394 and two 
surface treatments: sandblasting and silane chemical treatment), i.e. from 30 to 40 MPa.  
4. Conclusion  
FEM calculations were carried out both in 2D and 3D to analyze the 3-point bending test used for adhesive failure. 
The sensitivity to the various factors such as substrate thickness, centering of  the test specimen and the radius of  the fillet 
was studied. The results of  different simulations were compared to the experimental results and to a previously published 
analytical approach. It was concluded that:  
- For rigid adhesives, with a high Young's modulus like that used in this study, adhesive fracture can be characterized 
using a 3-point bending test. The crack initiation corresponds at the interface to the location of  the normal stress and a 
critical normal stress can be used to dimension the initiation of  adhesive failure.  
- This critical stress strongly depends on the substrate surface treatment, as expected.  
The precision of  the test was all better when the substrate is thin but remaining in its elastic domain. Then, the FE 
modeling strengthens the analytical results presented previously [21], showing that it exists a failure criterion, based on 
the normal stress and independent of  the substrate thickness. The presented results cannot be directly generalized: this 
approach is able to model the adhesive failure in the specific case of  the three-point bending test. 
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